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ABSTRACT 

An analytical technique (based on concentric streamtubes at 
the exit plane) for describing the non-uniform, exit flow field 0f.a 
hydrogen-fueled supersonic combustor is described and shown to give 
satisfactory results when applied to actual experimental data. The 
experimental program is being conducted with a conical combustor to which 
arc-heated air is supplied at Mach 2.95, 2000°R and 11 psia for periods of 
25 to 30 sec. The combustor has a 2,7-in. inlet diameter, an exit-to-inlet 
area ratio of 2 and a length of 20.5 in. 
walls either normal to or partially downstream to the airstream from either 
an annular slot or discrete holes. The experimental setup and instrumenta- 
tion are fully described. 
sensitive to injector geometry, fuel temperature and equivalence ratio, 

Heated hydrogen is injected at the 

Resu1t.s show that combustion efficiency is very 
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NOMENCLATURE 

A Area, f t 2  

C Pressure coe f f i c i en t  
P 

0 
C Speci f ic  hea t ,  Btu/lb - R 

5 Stream t h r u s t ,  lbf  

f 

P m 

Stoichiometric fue l- a i r  r a t i o  
S 

H Sensible enthalpy, Btu/lbm 

AH 

h 

Ah 

M 

nl 

n 

P 

I 

Pt 

4 

R 

T 

V 

V 

W 

Heat of formation, Btu/lb 

Absolute enthalpy, Btu/lb 

Sensible hea t ,  Btu/lbm 

Mach number 

Molecular weight, l b  /lb-mole 

Mole number 

Pressure,  l b f / f t 2  

P i t o t  pressure,  lbf/ft? 

Heat flow r a t e ,  Btu/sec 

Dynamic pressure,  l b f / f t 2  

Universal gas constant,  1545.3 f t - l b f / l b  mole-OR 

Temperature , R 

Velocity,  f t / s e c  

Volume, f t 3  

Weight, l b  

m 

m 

m 

0 

m 

. ... 

i Weight flow r a t e ,  lbm/sec 

X Mole f r a c t i o n  

Y Mass f r ac t ion  

iii 
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U Combustor divergence half-angle,  measured from horizontal ,  degree 

B Fuel in j ec t ion  angle, measured from hor izonta l ,  degree 

6 Cone s ta t ic  probe half- angle,  degree 

Combustion ef f ic iency  
VC 

Y Speci f ic  heat  r a t i o  

Conversion f ac to r  = 2.504 x lo4 l b  -fta/Btu-sec2 m x 
CP Equivalence r a t i o  

P 

7 F r i c t i o n a l  shearing s t r e s s ,  l b f / f t 2  

e 
Subscripts 

a A i r  

b Gas sample b o t t l e  

Density, l b  / f t 3  or  s lug / f t3  m 

Momentum f lux ,  lbf  / f t2 

C Combus t o r  

CP Combustor products 

e Combustor e x i t  

e f  f Ef fec t ive  

f fue l  

g G a s  samp1.e 

i Combustor i n l e t  

K Calor ime t e r  

S Cone s t a t i c  probe surface 

t Total conditions 

W Combustor wal l  conditions or  calorimeter quenching water conditions 

a3 Free stream conditions 



Combustor i n l e t  

Fuel e x i t  

Combus tor. e x i t  

1 

2 

3 

4 Calorimeter quenching water i n l e t  

5 Calorimeter e x i t  

Superscript  

* Conditions a t  M = 1.0 
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INTRODUCTION 

The weight l imi t a t ions  apparent i n  man's i n i t i a l  conquest 
of space using rocket-powered boosters have na tu ra l ly  stimulated the 
s c i e n t i f i c  community t o  f ind a more e f f i c i e n t  second generation accelera-  
tor .  Theoretical analyses invariably conclude t h a t  the ult imate chemical 
propulsion system w i l l  be, a t  l e a s t  i n  p a r t ,  a supersonic combustion ram-  
je't using hydrogen f u e l  (see,  e.g., Refs. 1-6). Recognition of t h i s  
a t t r a c t i v e  po ten t i a l  has l e d  to a desire  t o  obtain the data  needed t o  specify 
the design s f  e f f i c i e n t  i n j e c t i o n  and combustion systems, and t o  experi-  
mentally ve r i fy  the expected combustor performance. 
a pr ime requirement i s  t o  gain understanding of the basic  phenomena t h a t  
cont ro l  the supersonic mixing and combustion of H2 and a i r  i n  order t o  
iden t i fy  c r i t i c a l  parameters and determine t h e i r  r e l a t i v e  importance 

(see,  e.g. , Refs. 7-10). Prerequis i te  t o  making meaningful measurements 
i n  a r e a l  combustor environment, however, i s  the need t o  develop i n s t r u -  
mentation and ana ly t i ca l  techniques which w i l l  permit the gathering and 
analysis  of experimental data i n  a very severe environment. Accordingly, 
the primary e f f o r t  of the supersor,ic combustion study reported here in  has 
been directed toward meeting these basic needs. This report  describes the 
work done a t  APL i n  the area of H2-air supersonic combustion over the past  
two years. Porrions of the work have been previously described i n  abridged 
forms, (Refs. 11, 12) .  Considerable work has been done and i s  continuing 
i n  s imi lar  programs supported by the U. S. A i r  Force (Refs. 4-6).  

I n  pursuing t h i s  goal ,  

TECHTYIQUES OF ANIALYSIS AND DATA REQUIREMENTS 

A f a i r l y  complete p ic ture  of supersonic combustor performance 
can be developed from knowledge of the absolute and r e l a t i v e  magnitudes of 
heat re lease  and entropy r i s e  or  i r r eve r s ib l e  momentum loss,, Fortunately,  
over- a l l  measures of these propert ies  can be determined by r a the r  s t r a i g h t -  
forward experimental techniques. The steam calorimeter o f fe r s  a r a the r  
accurate means of measuring over- a l l  heat r e l ease ,  and i n  the absence of 
rhrust-s tand data ,  p i t o t - s t a t i c  pressures give meaningful measures of local 
stream th rus t  f lux which are  nor very sens i t ive  t o  Lhe l o c a l  thermodynamic 
propert ies  (Ref. 13). Accordingly, i t  might appear t h a t  a more de ta i led  study 
of the flow f i e l d  would be unnecessary. However, a de ta i led  p ic ture  serves 
two very important purposes: (1) it  permits i d e n t i f i c a t i o n  and evaluat ion 
of the various mechaniems by which performance i s  l o s t  (e.g. ,  shocks, poor 
mixing, incomplete reac t ions ,  viscous losses ,  e t c . ) ;  (2) i t  i s  required i n  
the  design and perFormance evaluation of the nozzle expansion process down- 
stream of the cornbustor e x i t .  

The unique descr ipt ion of combustor performance from experimental 
r e s u l t s  requires  complete knowledge of the s p a t i a l  d i s t r ibu t ions  of pressure,  
temperature, specie concentrations and ve loc i ty  i n  the combustor e x i t  plane. 
From these propert ies  one can determine any number of defined performance 
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parameters by comparison with corresponding counterparts that would result 
in arbitrarily, but meaningfully, defined ideal processes proceeding from 
the same initial conditions. Moreover, if the combustor air and fuel inlet 
conditions and the lateral wall transport of mechanical and thermal energy 
are also known, the identical satisfaction of the integral conservation 
equations (mass, niomentum and energy) and the equations-of-state (thermal 
and caloric) is assured, The difficulty in using this technique in the 
analysis of actual combustor tests is caused by the severe instrumentation 
limitation both in measuring local gas dynamic properties and in determining 
the temperature and the composition of the gas, which in general contains free 
radicals. The reverse approach would be to use the integral conservation and 
the state equations to determine the combustor exit properties; however, this 
approach requires the simultaneous solution of a set of coupled, integral 
equations, a near impossible task under normal conditions. A reasonable 
compromise in this situation is to measure, as well as possible, as many 
properties as one can and to use the integral equations to determine the 
others through successive iterations. In practice, even this approach 
requires compromises due to the nature of the equations and inherent non- 
uniformity in the flows. Consequently, some simplifying assumptions must 
be made before the theory can be expeditiously’applied. 
technique 
sensitivity of computed quantities to these assumptions. 

The success of the 
depends upon the reality of the required assumptions and the 

Techniques and Requirements 

In applying the conservation equations to combustor data analyses, 
the following assumptions are made: (1) steady-state conditions; (2) axially- 
directed* velocity at the inlet and exit planes; (3) negligible external 
forces. 
shown in Fig. 1 results in the following equations: 

Application of the conservation laws to the combustor control volume 

Mass Conservation: 

* 
For conical supply nozzles and combustors, this could easily be modified 

to a source-flow approximation, of course, if the divergence were significant. 
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Axial Momentum Conservation: 

pw sin €t dAw - T cos €t dAw - I peae 
W 

e A A 
W 

A 
W 

I pidAi + pf sin dAf + 
Ai Af 

Energy Conservation: 

V 2  1 Pi(". + s) VidAi +J pf [ hf 9 g) VfdAf pe [ he + -&)VedAe + 4, 
e A Ai Af 

It is assumed (and experimentally verified) that the flow is approximately 
uniform at the combustor and fuel inlet planes. Furthermore, it is assumed 
that the flow field in the combustor exit plane can be divided into a finite 
number (n) of concentric areas over which the properties are nearly uniform, 
implying axisymmetric flow. Under these conditions, Eqs. (1-3) can be inte- 
grated to yield, after rearrangement: 

n Mass Conservation: 

Axial Momentum Conservation: 

piAi + pfAf sin U + P.V.~A. + pfVf2Af cos 8 
l l  1 

AW 

n 

Energy Conservation: 
2 

'e n V 2  V 2  
PiViAi 1 hi + &] + PfVfAf 1 hf + $i - GC =E Pe.Ve,Ae + A) 2x (6) 

j=l J J j  

(3) 
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The terms on the left-hand sides of Eqs. ( 4 - 6 )  are known from 

cos Ct dA is evaluated 
W 

A 

by determining a mean value of the wall shear stress from the experimentally 
measured mean wall heat flux assuming that Reynolds' analogy (Ref. 14) between 
energy and momentum transport applies. 
of minDr importance since, in our testing, the magnitude of the wall friction 
force is small compared to other terms in Eq. (5). Examination of these 
equations reveals that the n-fold unknowns are pressure, 

W 
I experimental measurements and geometry. The term 

The validity of this assumption is 

, density, p 
'e i 

J J 

velocity, Ve , and enthalpy, 

One-Dimensional Analysis 

j 

Data requirements 

h , of the various exit areas, A e e 
j j 

and analyses would be relatively simple if the 
flow in the exit plane were essentially one-dimensional, because (with the 
input parameters known) the measurement of one exit property (e.g., static 
pressure) would completely define the remaining unknowns in Eqs. ( 4 - 6 ) .  
order to determine additional properties in the exit plane such as temperature 
and entropy, the local gas composition would have to be known. If the chemical 
species were products of complete combustion (equilibrium composition), the 
gas composition and temperature would be determined by the fuel-air equiva- 
lence ratio and the caloric and thermal equations-of-state: 

In 

where Xe 

species and the equivalence ratio, 
exact temperature and composition corresponding to the local values of pressure, 
density and enthalpy would have to be determined from kinetic calculations. 
However, it is possible to use equilibrium thermodynamic data to define an 

eff' "effective" equivalence ratio, cp 
combustion would produce the required exit conditions. For Cp 1, this 
assumption is reasonably good, because the presence of unburnez fuel in local 
equilibrium with the completely burned products does not significantly affect 
the thermodynamic properties of the mixture, as long as the percentage of 
dissociated unburned fuel is small. The ratio of cp to the value based on 

measured fuel and air flow rates would provide combustion efficiency. 
determined value of entropy rise or stream thrust (i.e., peAe + P V "Ae) could 
also be compared with reference values to obtain measures of +rust efficiency. 
A reasonable model for computing these reference values assumes that heat 
release equal to the measured value occurs uniformly at a constant area equal 
to the combustor inlet area in the absence of any heat or viscous losses, 

and cp are, respectively, the mole fractions of the k chemical e k 
In the absence of complete combustion, the 

as being that value which with complete 

eff 
The 

e e  
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including shocks , followed by i sent ropic  expansion t o  the combustor e x i t  
area. The one-dimensional conservation equations a r e  then used with the 
known input: conditions and equilibrium thermodynamic data  t o  solve fo r  
the reference entropy rise and the quan t i t i e s  with which the reference 
e x i t  stream t h r u s t  i s  evaluated. 

Actual Flow Analysis 

I n  r e a l i t y ,  there  a r e  s ign i f i can t  r a d i a l  gradients ,  a t  l e a s t ,  
i n  the supersonic combustor e x i t  plane. I f  each flow property d i s t r i b u t i o n  
can be reasonably approximated by s t e p  functions of n s t e p s ,  then there 
a r e  4 n unknowns i n  Eqs. ( 4 - 6 ) .  The only means of solving t h i s  system of 
equations i s  t o  determine by i t e r a t i o n  the set of d i s t r ibu t ions  which simul- 
taneously s a t i s f i e s  the equations. This i s ,  obviously, a d i f f i c u l t  task,  
For each property d i s t r i b u t i o n  which can be experimentally determined, the 
so lu t ion  of the equations becomes more feasible .  The measurements which 
a re  most conveniently made a r e  cone- s ta t ic  and p i t o t  pressures. 
pressures can be converted t o  loca l  s t a t i c  pressures Pe, as  shown i n  Appendix 
C. The loca l  s t a t i c  and p i t o t  pressures can be used with the Rayleigh 
p i t o t  formula (Ref. 15) t o  ca l cu la t e  the l o c a l  Mach number, %. The accuracy 
of t h i s  ca lcu la t ion  depends upon the specific.  heat  r a t i o ,  Y ,  used, b u t  i n  a 
very weak manner. The momentum f lux  peVe2 = YePeMe2, can then be calculated;  
reasonable techniques, one of which w i l l  be described present ly,  can be 
devised for  estimating Ye with high accuracy. Thus, cone- s ta t ic  and p i t o t  
pressures give the approximate d i s t r ibu t ion  of peVe2. 
propert ies  es tab l i shed ,  3 n unknowns remain i n  Eqs. ( 4 - 6 ) .  However, PeVe2 
can be used i n  obtaining an approximate so lu t ion  of the equations,  and, more 
impQrtant, i t  provides a nearly exact measure of momentum loss  or  entropy r i s e .  

Cone-static 

Even with these 

To proceed with a so lu t ion  of the equations, some fu r the r  assump- 
t ions  a re  needed concerning the nature of addi t iona l  propert ies .  I n  the 
absence of loca l  temperature measurements, i t  i s  assumed t h a t  convection i s  
the only mechanism for  energy t ranspor t  throughout the  combustor flow f i e l d ,  
except i n  a region or "streamtubef' which i s  i d e n t i f i e d  as  the outermost con- 
cen t r i c  a rea  i n  the e x i t  plane. I n  t h i s  region the measured heat loss  t o  the 
wal l  i s  pe rmi t t ed .  (The v a l i d i t y  of t h i s  assumption i s  d i s c u s s e d  i n  the next 
section.)  This assumption permits the in tegra t ion  of the d i f f e r e n t i a l  energy 
equation along any path through the combustor, excluding the wal l  region, the 
r e s u l t  being a di rect  r e l a t ionsh ip  between the energy f lux  a t  any point i n  the 
e x i t  plane and the loca l  r e l a t i v e  values of a i r  and f u e l  mass fluxes.  U t i l i z -  
ing the de f in i t ion  of equivalence r a t i o ,  cp = (&f/&i) /fs ,  the energy equation 
can now be wr i t t en  a s  

slht e 
f h  - 4 = ( 1 + c p e  W 

j i j j 
j t f  ht. + 'e 

1 
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where 6 p. 

Using the local1 measured equivalence ratio with Eq. ( 8 )  gives local 
values of (he + g V2). The quantity, & 

is not known, a priori, and is determined by an iterative process, which 
can take either of two starting points: (1) the heat loss, Q, , can be 

at first neglected; or (2) the air flow rate, , can be taken proportional 

to the relative size of the "streamtube" exit area. 

= 0 except for the outermost area, and where h = h + t 
j 

C 

for the outermost "streamtube" i '  
j 

j 
i 
j 

In the absence of composition measurements, some assumption on 
the local chemical composition is required before further progress is pos- 
sible. The approach is to assume a cp (as previously defined) and, by 

an iterative procedure, determine the local h, P, and V which satisfy 
Eq. (.8), and the locally measured static and pitot pressures via the real 
gas, normal-shock relationships (Rayleigh pitot relat#ions). The measured 
Cp distribution determined by gas sampling serves as a bound beyond which 
the localcp cannot exceed. Satisfaction of the momentum and continuity 
equations a$gfthe calorimetrically determined mean cpeff (see Appendix A) 
is then used as the criterion by which the correct Cpeff distribution is 
established. 
satisfaction of the other two requirements is the controlling criterion for 
the analysis, The results of the analysis are used to determine the total 
exit stream thrust by summation of local values, and to define the mean 
exit entropy. Performance parameters are then formulated in the manner 
described for the case of one-dimensional flow. In subsequent discussions, 
the preceding analysis will be referred to as a streamtube analysis. 
is to be noted, however, that no attempt is made to identify lateral 
boundaries between the inlet plane and a given exit plane sub-area, 
so use af  the-word streamtube-, which is not strictly applicable in this 
situation, is based on its descriptive connotation. 

ef f 

Since the momentum balance is quite insensitive to Cpeff, 

It 

This analysis has been programmed on an IBM 7094 computer and 
centers around the thermodynamic program developed in Ref. 16. 

Discuss ion 

The basic assumptions made in the real flow analysis are: (1) 
thermodynamic properties can be adequately described using equilibrium 
properties at an "effective" equivalence ratio; (2) convection is the only 
mechanism of ecergy transport except in the region of the walls, where 
conduction may also occur. 
ments, the conservation equations are solved for all basic flow properties from 
which performance parameters are deduced. At this point, it is worthwhile 
to examine the effects of these assumptions on the successful execution. of 

With these assumptions and the available measure- 
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the  ana lys is  and on the accuracy of the deduced propert ies .  

A s  previously mentioned, assumption (l), though not s t r i c t l y  
va l id ,  i s  reasonably good as long as a negl ig ib le  amount of unburned f u e l  
i s  dissociated. .Assumption (2) would be inva l id  i f  an appreciable amount 
of energy w e r e  t ransfer red  by gas conduction, d i f fus ion  o r  radiat ion.  
Except i n  the wal l  region, energy t ranspor t  by the molecular mechanisms i s  
negl ig ib le  i n  a supersonic, turbulent  flow. However, r ad ia t ive  t ranspor t  
can be s i g n i f i c a n t ,  b u t  it i s  s m a l l  f o r  the t e s t  conditions reported herein.  
For example, consider the  rad iant  energy due t o  water vapor emission a t  
typ ica l  combustor conditions.  For an equivalence r a t i o  of 1.0, a s ta t ic  
pressure of 1 atm and a s t a t i c  temperature of 5000°F, the p a r t i a l  pressure 
of water vapor €or complete combustion i s  0.26 a t m  (Ref. 17).  Using the 
emissivi ty  data  given i n  Ref. 18, the energy rad ia ted  t o  the combustor wal l  
i s  calculated t o  be -10 Btu/sec.The experimentally measured combustor hea t  
l o s s  for  the s a m e  conditions i s  typica l ly  - 350 Btu/sec. Assuming complete 
absorption a t  the wall ,  t h i s  ca l cu la t ion  indica tes  - 3% energy loss due t o  
water vaporradiation. 
a l l  of which a re  present  i n  only s m a l l  amounts, i s  considered, then the 
rad ia t ion  los s  t o  the wall  i s  probably l e s s  than 5%, even a t  these idea l  
conditions. Radiation between gaseous species i s  much l e s s  due t o  t h e i r  
lower abso rp t iv i t i e s .  

I f  r ad ia t ion  from other species  such a s  OH, 0 and NO, 

I f  e i t h e r  assumption (1) or  (2)  i s  inva l id  i n  a pa r t i cu la r  
s i tua t ion ,  some d i f f i c u l t y  w i l l  be encountered i n  sa t i s fy ing  the conserva- 
t i o n  equations and the experimental measurements exactly.  However, the 
deduced stream t h r u s t ,  3, i s  negl igibly a f fec ted  by l o c a l  chemical composi- 
t i o n  and only mildly a f fec ted  by the loca l  temperature, so  tha t  a reasonably 
good determination of the loca l  temperature i s  s u f f i c i e n t  fo r  t h i s  determina- 
t ion .  
and 3 with cp, h,, pt , and pe f o r  typ ica l  tes t  conditions a re  shown i n  Fig. 2. 

A t  ht = 1361 Btu/lb, the change i n  3 f o r  a cp change of 0.2 t o  0.9 i s  only 
1,2%, whereas the corresponding change i n  6 i s  18%. 
i n  6 and 3 due t o  a 11% change i n  h t  a r e  4% and 1%, respect ively;  a t  cp = 0.9, 
these values become 3.27, and 2.1%, respect ively.  For a constant h t ,  a 10% 
decrease i n  Pe r e s u l t s  i n  decreases i n  & and 3 of 3,4% and 1.1% a t  CD = 0.5, 
respectively,whereas'alO% decrease i n  p i t o t  pressure r e s u l t s  i n  decreases of 
8.3% and 9.7%. These resu l t s  show tha t  stream th rus t  i s  c lose ly  r e l a t e d  t o  
p i t o t  pressure but r e l a t i v e l y  insens i t ive  t o  other propert ies .  Thus, i t  
i s  apparent t h a t  with p i t o t  and s t a t i c  pressure measurements, together with ant 
independent measurement of heat  r e l ease ,  one can determine the two most 
important performance parameters, combustion ef f ic iency  and stream th rus t  
eff ic iency,  with s u f f i c i e n t  accuracy. 
parameters be determined from s t a t i c  and p i t o t  pressures and ab over- a l l  
calor imetr ic  measurement with only rough estimates of other  flow propert ies ,  
but by obtaining an optimum c losure  on the conservation equations,  the 
best  flow f i e l d  descr ipt ion possible with the ava i lab le  instrumentation 
can be obtained. 

To i l l u s t r a t e  t h i s  point ,  the va r i a t ions  of weight flow r a t e ,  &, 

e 

A t  cp = 0.2, the changes 

Not only can the basic performance 

Moreover, a s  w i l l  become evident i n  subsequent sec t ions ,  
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i t  allows an assessment of possible e r r o r s  which may occur i n  obtaining 
experimental data. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

T e s t  Faci li t y  

Figures 4 and 5 show the experimental arrangement. The combustor 
i s  supplied by an 8.5' half-angle conica l  nozzle t o  which a i r  (or N2 fo r  
mixing t e s t s )  i s  supplied through an electr ic  arc heater .  For the supply 
nozzle being used i n  these t e s t s  (A e f f  = 0.83 in .2)  and a t  a constant a i r  
weight flow rate of 2.85 lb/sec,  the a r c  hea ter  provides a t o t a l  enthalpy 
range of 1400-2000 Btu/lb a t  t o t a l  pressures of 425-500 psia;  pressures up 
t o  640 ps ia  a t  1400 Btu/lb and down t o  150 psia  a t  2000 Btu/lb can be 
a t t a ined  by varying weight flow r a t e .  

* 

The 19.4-in. -long water-cooled combustor diverges a t  a 1.5' half  - 
angle from an  i n l e t  diameter of 2.7 i n .  Adjustment of the cooling water 
flow r a t e  through the 3/16-in. annular passage permits some cont ro l  of 
wal l  temperature, from N 400 - 900°F. I 

other  combustors which employed d i f f e ren t  cooling pr inc ip les ;  the f i r s t  of 
these was a 12.9-in.-long, uncooled model used i n  Runs (1) and (2)  of 
Table 11) whose inner surface was flame-sprayed with zirconium oxide which 
was t r i e d  with the hope of successful ly  operating with hot wal ls ;  the second 
model was 19.4-in.-long and cooled by externa l  water sprays which offered the 
poss ib i l i t y  of economical cooling. Neither of these models was s u f f i c i e n t l y  
cooled t o  withstand the severe combustor environment. 

I n i t i a l  tests were conducted with two 

Four f u e l  i n j ec to r  configurations have been tes ted :  (1) an annular 
wal l  s l o t  a t  a 45' downstream angle t o  the flow, with an o f f s e t  area t o  
reduce i n j e c t i o n  in t e rac t ion ;  (2) a flush-mounted, wal l  i n j ec to r  r ing  with 
8 equally-spaced 0.104-in. -diam. r a d i a l  holes a t  90° t o  the a i r  flow; (3)  
an in j ec to r  i d e n t i c a l  with (2) except the o r i f i c e s  a r e  incl ined 45' downstream 
t o  the a i r  flow; and (4) a flush-mounted, wall  i n j e c t o r  r ing with 16 equally- 
spaced 0.073-in.-diam. holes a t  45O t o  the a i r  flow. 
in j ec to r s  a r e  shown i n  Fig. 5. 

Photographs of the 

The hydrogen heater  used i n  the i n i t i a l  portion of t h i s  program 
consisted of a 300-lb block of n icke l  200 i n t o  which mult iple  interconnected 
flow passages were d r i l l e d  and capped by welding. The block w a s  heated t o  - 2000°F i n  a furnace p r io r  t o  t e s t ing .  
because excessive thermal s t r e s s e s  upon temperature cycling eventually l ed  
t o  cracking, particuEar1.y i n  welded areas.  

This design proved unsa t i s fac tory ,  

A b e t t e r  hea ter ,  cur rent ly  i n  use, has been made from a nickel  
tube t h a t  i s  resistance-heated (Fig. 6). The 384-in.-long 0.500-in. I .D.  x 
0.312-in. wal l ,  thermally insu la ted  tube acts as the res i s tance  element i n  a 
Dc c i r c u i t .  
charger, then it i s  rap id ly  heated (5 'minutes) t o  2000°F by the 10 submarine 

It i s  heated t o  lOOOOF in.60 minutes by the 1000-amp ba t te ry  
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battery cells to hold surface oxidation to a minimum. The circuit remains 
closed during the blowdown phase and supplies 13% of the total power to the gas; 
0.07 lb/sec of hydrogen can be delivered at 2200°R and 1000 psia for more than 
20 seconds. Figure 7 shows an exit temperature history for a H2 flow rate 
of 0.05 lb/sec. 

In the process of calibrating the heater, data were obtained on 
the electrical resistivity (p) of the material as a function of temperature 
(Table I). Between the listed points, the material exhibits a near linear 
characteristic with the listed slope, a. 

C ombus tor Instrument at ion 

Typical instrumentation in the combustor exit plane is shown in 
Fig. 8. The water-cooled pitot pressure and gas sampling probes are made 
from concentric pairs of tubes in which the water in the outside tube is 
discharged overboard approximately 3/16 in. downstream of the probe tip. 
The inner tube of the gas sampling probe has a sharp lip and a 2:l internal 
area expansion aimed at providing shock attachment and supersonic expansion 
that might partially quench reactions within the probe. The 15O half-angle 
cone-static pressure probes have water-cooled tips made of either copper or 
tungsten-10% tantalum and have four pressure taps at 90° spacing, each 
connected to its own transducer. When multiple-hole fuel injectors are 
used, the probes are located in exit plane pogitions both in line with and 
between fuel ports. 
static pressure taps and 4 thermocouples located in the combustor wall. The 
wall temperatures are used in conjunction with combustor wall coolant flow 
rates and temperature rise to obtain the wall heat flux and deduce the wall 
shearing stress. Motion pictures are also taken of the combustor exit flow 
f &e Id. 

The remaining combustor instrumentation consists of 38 

The gas samples taken during combustion tests pass through a 
magnesium perchlorate dessicant for water removal and weight analysis and 
then into a valved storage csoncainer. The equipment (Pigs. 9(a) and 9(b)) 
has provisions for 7 samples. The dessicant containers (plexiglass) are 
weighed before and after a test. The storage tanks have provisions for 
pressure and temperature measurements. Prior to acquisition of a commercial 
gas chromatograph. which is now used to analyze for H2 , 0 2 ,  and N2 , 
analysis was made using a thermal conductivity cell for I& and an analyzer 
which detects magnetic susceptibility for O2 and N02-N204. For Nz-& mixing 
tests, the unit illustrated in Fig. 9(c) and shown in Pig. 4 is used. This 
unit consists of 21 storage containers which allows samples to be taken at 
three different fuel. settings during a single run. 

The steam calorimeter has a 7.4.-i~. I.D., a 0,3-in, cooling 
water passage and is 63.0 in.-long. (A model having an 11.5 in. I . D .  had been 
used in early testing but was replaced because of its excessively long 
temperature-time response caused by heat losses to the large surface area.) 
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0 The wall  temperature i s  operated a t -  350 F i n  order t o  avoid quench water 
condensation. The bulk of the calorimeter quench water is  supplied by the 
instrumentation probes located a t  the combustor e x i t .  When necessary, 
addi t ional  water i s  supplied by spray nozzles (see Fig. 8) 0.5 in.  downstream 
of the probe rakes, 
measured by 1 2  thermocouples located a t  the e x i t  plane (Fig. 10). S t a t i c  
and t o t a l  pressures a re  a l s o  measured a t  the calorimeter e x i t  and used t o  
determine the exhauster pressure l eve l  required t o  maintain a low e x i t  
veloci ty.  With the measured wall-cooling r a t e  and quench water in j ec t ion  
r a t e ,  the combustor bulk heat  re lease  i s  determined. 

The quenched gas temperature i s  typ ica l ly  lOOO'F and i s  

Test Procedures 

Tests  normally a re  of 25-30 sec. duration, Nitrogen i s  purged 
through the hydrogen heater  pr ior  t o  arc-heater operation i n  order t o  pre-heat 
the fue l  l ines  and i n j e c t o r  t o  permit rapid establishment of s teady- state  t e s t  
conditions.  I n  combustion t e s t s ,  fue l  flow i s  i n i t i a t e d  immediately a f t e r  
arc-heater f i r i n g  and gas sampling i s  begun 2 sec. l a t e r  and continued for  
8 sec. After-completion of sampling, two other fue l  s e t t i n g s  are  establ ished 
and maintained f o r  6 sec. each, during which time calorimeter data a re  
obtained. F ina l ly ,  calorimeter data i n  the absence of fue l  in j ec t ion  a r e  
obtained. I n  mixing t e s t s ,  a s imi lar  procedure i s  followed with gas samples 
being taken a t  3 fue l  se t t ings .  
s t a t i c  pressure from cone probes, equivalence r a t i o  from gas sampling,, and 
heat  re lease  from calorimeter measurements are  described i n  the Appendix. 

Thetechniques followed t o  deduce f ree  stream 

RESULTS AND DISCUSSION 

Combustor I n l e t  A i r  P r o f i l e s  and Propert ies  

Figure 13 shows the Mach number p ro f i l e  i n  the combustor i n l e t  
plane deduced from p i t o t - t o - t o t a l  pressure r a t i o s ;  i n  the invisc id  portion 
of the flow, M. i s  within + 0.05 of the computed one-dimensional value based 
on equilibrium isent ropic  zxpansion from the a r c  chamber. 1 

Several methods have been used t o  determine the temperature 
gradient i n  the combustor en t ry  flow f i e l d  and t o  v e r i f y  the mean enthalpy 
level  as deduced from mass flow r a t e ,  a rc  pressure,  and e f fec t ive  nozzle 
throa t  area. I n  one of: these t e s t s ,  the temperature a t  the s tagnat ion point 
of a hot body was measured by a r ad ia t ion  pyrometer and compared t o  the 
computed value based on deduced a r c  enthalpy. Figure 1 2  shows the tempera- 
ture-time h is tory  of a 3/8-inch radius pyrolyt ic  graphi te  probe a t  two 
locat ions i n  the a r c  .exhaust j e t .  
i n  the inse t .  
value fo r  the center l ine  posi t ion and 150°F f 2505F below the computed value 
fo r  the 3/4-in. o f f s e t  position. It appears- that the mass balance method 
of obtaining a r c  chamber enthalpy probably y ie lds  a reasonable mean (time 
and volume averaged) value, b u t  a small r a d i a l  gradient ,  as  wel l  as  a f luc tua-  
t i o n ,  i s  present. I n  another t e s t ,  a t o t a l  temperature probe was tes ted  i n  
arc-heated nitrogen. The tungsten-3X rhenium vs tungsten-25% rhenium thermo- 

A d i r e c t  luminositx photograph i s  shown 
The measured temperature was 250' + 50 F above the computed 

10 



couple was insula ted  w i t h  beryllium oxide within a tungsten-10% tantalum body. 
The probe indicated a j e t  center l ine  mean t o t a l  temperature of 5800°R, which 
compares with 6010°R computed from the m a s s  balance technique. 
210°R difference i s  due t o  probe recovery, then the recovery f ac to r  was 
94%. 

I f  the 

The quest ion of a i r  composition i s  extremely important i n  
such ground t e s t i n g  of scramjet combustors. Gas samples withdrawn a t  the 
combustor i n l e t  showed an 02 concentration of approximately 19.4 mole 
percent, based on the assumption tha t  the sample tank contained 0 2 ,  N, 
and NO2-N2O4 only (presumably, NO i n  the  sampled gases combined with 0, 
t o  form equilibrium NO2-N2O4 i n  the tank). This l eve l  of & concen t ra t im 
implies an NO concentration of 3.1%, which i s  equivalent t o  the equilibrium 
value a t  the supply nozzle th roa t  conditions and suggests freezing of the 
NO a t  t h a t  point. I n  order t o  study t h i s  fea ture  more c lose ly ,  a gas 
sample was withdrawn from the nozzle throa t  and analyzed spec i f i ca l ly  f o r  
NO2 -N20, by inf rared  absorption. 
concentration of 7 . 2  mole percent NO2-N2O4 which corresponds t o  11.1% 
NO and 15.4% 0, i n  the gas stream. 
than the equilibrium concentration a t  plenum conditions and cannot be 
readi ly  explained. However, k i n e t i c  ca lcu la t ions  suggest t h a t  t h i s  leve l  
of NO concentration would s l i g h t l y  improve the H,-air react ion.  

This ana lys is  indicated a sample tank 

This l e v e l  of NO i s  considerably higher 

i 

4 
Slo t  In j ec t ion  Combustion Tests 

The f i r s t  s e r i e s  of t e s t s  w a s  made with the 45' annular wal l  
s l o t  i n j ec to r  before a l l  of the  combustor e x i t  instrumentation became ava i l -  
able ,  so t h a t  only q u a l i t a t i v e  conclusions can be drawn from the data. The 
combustor i n l e t  conditions and fue l  i n j ec t an t  conditions a r e  l i s t e d  i n  
Tab le  11. None of these t e s t s  produced any s ign i f i can t  heat re lease.  I n  
runs 1 and 2,  the s l o t  width was 0.067 inch, which would have r e su l t ed  i n  
sonic in j ec t ion  fo r  ER = 1.0 and p = pi. However, for  the f u e l  flows 

and 2, respect ively.  I n  runs 3 and 4 ,  a spacer i n  the in j ec to r  was removed, 
and the r e su l t ing  geometry had a cons t r ic t ion  upstream of the in j ec t ion  
point ,  so  the i n j e c t i o n  v e l o c i t i e s  were supersonic,M-2.27 and 2.44, respec- 
t ive ly .  The s ta t ic  pressure d i s t r ibu t ion  €or run 2 shown i n  Pig. 13 i s  
typica l  of a l l  four runs. For comparison, computed pressure d i s t r ibu t ions  
a r e  shown f o r  (a) i sent ropic  expansion with no In jec t ion ,  (b) i sen t ropic  
expansion of the a i r  and in jec ted  H, i n  the absence of mixing and heat 
re lease ,  and (c) instantaneous mixing followed by equilibrium combustion. 
The mean of the measured pressure d i s t r i b u t i o n  more nearly follows case (b). 
The i r r e g u l a r i t i e s  i n  the measured pressure d i s t r ibu t ion  are due t o  r e f l ec t ed  
compression shocks and expansion waves. The f i r s t  compression wave resu l ted  
from a change i n  flow divergence angle of 8 . 5 O  a t  the a i r  supply nozzle t o  
2.5', the combustor divergence angle i n  t h i s  tes t ,  a t  the point of f u e l  
inject ion.  To i l l u s t r a t e  t h i s  point ,  the pressure rise which would r e s u l t  
from the boundary flow a t  the nozzle e x i t  being turned t o  i t s  new di rec t ion  
through a plane, oblique shock i s  shown i n  Fig. 13. This computed pressure 

t e s t ed ,  the i n j e c t i o n  s l o t  was unc 6 oked, Mf = 0.38 and 0.53 fo r  t e s t s  1 
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s a t i s f a c t o r i l y  predic ts  the combustor i n l e t  w a l l  pressure. 

To date there i s  not an ana ly t i ca l  so lu t ion  ava i lab le  f o r  the 
mixing, including k i n e t i c s ,  of two streams with d i f f e ren t  flow di rec t ions  
i n  a varying pressure f i e l d ,  However, the r e s u l t s  for  the s l o t  i n j ec to r  
have been examined i n  the following two theore t i ca l  models, and i n  each 
case i g n i t i o n  would be predicted: 

(1) A premixed stream s t a r t i n g  a t  the combustor i n l e t  conditions 
followed by a constant-pressure reac t ion  and expansion using the k i n e t i c  
ca lcu la t ions  developed i n  Ref. 19. This ana lys is  suggested an ign i t ion  
delay distance of l e s s  than 2.0 in .  Since react ions involving Ma were not 
considered i n  Ref. 19, the technique was modified t o  include 8 react ions 
involving the oxides of N, i n  order t o  determine how large amounts of 
i n i t i a l  NO would a f f e c t  the reac t ion  h is tory .  As shown in  Fig. 14, the 
induction time i s  not markedly af fec ted  by the presence of NO, b u t  the 
r a t e  of heat re lease  i s  increased (compare r e s u l t s  a t  3.2% NO). 
the NO concentration from 3% t o  10% caused a fu r the r  increase i n  heat  
re lease  r a t e ,  but a t  13.5% NO, i t  f e l l  off somewhat. These r e s u l t s  a re  
noticeably d i f f e ren t  from those obtained i n  recent  shock tube s tudies  of the 
e f f e c t  of NO on H,-air k i n e t i c s  a t  low temperatures (below 200OOR) where i t  
was found t h a t  even small amounts (1%) of NO subs tan t i a l ly  reduced the 
induction time (Ref. 20). 

Increasing 

(2) An approximate so lu t ion  t o  the mixing of two coaxiai  
streams i n  a constant pressure duct (Ref. 21). Rea l i s t i c  i n i t i a l  boundary 
layer  p r o f i l e s  for  the f u e l  and a i r  a re  assumed and isotherms and con- 
cent ra t ion  p r o f i l e s  a r e  predicted. The k ine t i c s  used i n  Ref. 19 a r e  then 
roughly superimposed on the flow f i e l d  t o  see whether residence times a t  
various temperature leve ls  would suggest ign i t ion .  

The subsequent favorable r e s u l t s  with disc.rete-hole i n j e c t i o n  
suggest t h a t  no major experimental e r r o r  ex is ted  i n  the t e s t s  and imply 
tha t  the theore t i ca l  models a r e  not adequate descr ipt ions of the ac tua l  
flow. This is obviously t rue  fo r  the f i r s t .  model. s ince i t  e n t i r e l y  neglects  
the e f f e c t  of mixing. 

MultiDle-Hole In i ec t ion  Combustion Tests  

Tests with 90°, 8-hole in jec tor .  - Combustion has been r ead i ly  

Combustor wa1.t pressure d i s t r ibu t ions  measured with the 
es tab l i shed  with the multiple-hole in j ec to r s  under a l l  t e s t  conditions 
(Table 111). 
90°, 8-hole i n j e c t o r . a r e  shown i n  Fig. 14. Pig. 15(a) shows the e f f e c t  
of equivalence r a t i o  a t  a nearly constant fue l  temperature. Also shown i n  
Fig. 15(a) i s  a typica l  pressure d i s t r ibu t ion  measured i n  the absence of  
f u e l  i n j ec t ion  where the pressure rise a t  the combustor e x i t  was caused 
by an excessively high f a c i l i t y  exhaust pressure, These measured d i s t r i -  
butions a re  t o  be compared with those expected from one-dimensional, 
i sen t ropic  expansions of a i r  alone and a i r  plus f u e l  i n  the absence of mixing 
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and heat release which are also shown in Fig. 15(a). 
levels increase with increasing equivalence ratio (q).  
are due to shocks and expansion waves generated by the initial injection 
interaction, a flow boundary discontinuity 1.28 in. downstream of the injec- 
tion plane (see Fig. 3 ) ,  and reflections of waves from these sources. Com- 
parison of pressures measured 0.15 in. upstream and immediately downstream 
of the injection station show how the injection interaction (as represented 
by wall pressure) increased in strength with increasing cp;  however, the 
high initial pressure level in run 8 eventually decayed to a level below 
that of run 7 at the exit plane, indicating less heat release in run 8, which 
also agrees with the combustion efficiency results (Table 111) determined 
by a one-dimensional analysis. 

The measured pressure 
The irregularities 

The effects of fuel temperature on combustor pressure distribution 
measured with the 90°, 8-hole injector are shown in Fig. 15(b) for an 
ER of - 0.72 at fuel temperatures of 775'R and 1492OR, and at an ER of - 0.49 at 640°R and 1058'R. 
of the interaction (because injeetion velocity increases for given a), and 
a higher pressure-level is maintained throughout the combustor, indicating 
improved heat release, as is confirmed by the one-dimensional analyses. 

111 each case, preheating increases the strength 

0 In none of the runs made with the 90 , 8-hole injector were gas 
sampling, cone pressure or calorimetry data obtained, so that the streamtube 
analysis previously described could not be rigorously applied, nor could 
combustion efficiency (x) be accurately determined. 
n, 
sure as the only known property in the exit plane. 
runs 5-10 in Table 111 may be inaccurate, but they probably are indicative 
of the trends that occurred.* 
10, however, by using the measured pitot pressure distribution, assuming a 
uniform static pressure equal to wall exit value and determining a distri- 
bution of Teff which approximately satisfied the continuity and momentum 
equations. 
feature of the streamtube analysis, that of indicating which assumptions on 
the flow field are poor (or which measurements may be in error). The magni- 
tudes of known input and deduced exit quantities pertinent to run 10 are 
shown below the corresponding terms in Eqs. ( 4 )  and (51, in which the 
numerical quantities are given in lb/sec and lb, respectively: 

A s  previously discussed, 
can be estimated by a one-dimensional analysis, using wall-static pres- 

The Q ' S  so estimated for 

The streamtube analysis was attempted on run 

The result is presented here because it demonstrates a useful 

* 
Some of the combustor inlet conditions and qc's shown in Table I11 were 

reported in Refs. 11 aiid 12. These previously reported values are in error 
due to the use of an incorrect supply nozzle discharge coefficient (C,) in 
calculating air total. enthalpy. Recent calorimetric measurements indicate 
CD to be 0.91 (used for data analysis in this report) which is less than the 
value of 0.985 used for data analysis in Refs. 11 and 12. This surprisingly 
low CD is apparently the result of an unusual nozzle design which consists 
of two conical sections connected by a 1.078-in. -diam. by 1.078-in. -long 
cylindircal throat (the supply nozzle is actually the throat section of a M-7 
wind tunnel). It is also possible that the throat effective area is reduced 
by swirling motion of the gases (Ref. 29). A definite swirl has been observed 
with the arc-heated air which results from the purposely induced rotating arc 
column motion. 
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= C 
J J J j  

P iViAi + PfVfAf (4) 
2.86 + 0.041 = 2.858 + 0.043 

air "effective" (Discrepancy = 0, 
f u e l  forced) 

(pi + piVi2) Ai + (pf s i n  a + pfVf2 cos 8) Af + pw s i n  a dAw 

w - (39.6) 
I A 

(606.3) (0.7) w (88.9) 

(706.2) (Discrepancy = + 7.6%) 

The s ign i f i can t  fea tures  of these resul ts  are:  (1) the Veff  d i s t r ibu t ion  
necessary t o  s a t i s f y  mass cont inui ty was found t o  be one which accounts f o r  
99.9% of the a i r  mass but requires  an excessive amount of f u e l ,  i . e . ,  the 
r e s u l t s  ind ica te  qc = 1.05; (2) the deduced e x i t  stream th rus t  i s  too high 
by 7.6%. An nc 1 fo r  t h i s  run  would require  a cpeff d i s t r i b u t i o n  which 
gives a lower fue l  flow r a t e ,  but Fig. 2 shows t h a t  a lower Teff gives a 
higher t o t a l  weight flow r a t e ,  so Eq. (4) could not be s a t i s f i e d .  Further-  
more, since Fig. 2 shows t h a t  the Teff d i s t r i b u t i o n  has a negl ig ib le  e f f e c t  
on the  e x i t  s t r e a m  t h r u s t ,  adjust ing it would not  balance Eq. (5) e i the r .  
Thus, changes i n  some other  property (or propert ies)  i s  required i n  order 
t o  obtain a reasonable qc together with acceptable balances on mass and 
momentum. Figure 2 shows t h a t ,  fo r  a constant t o t a l  weight flow r a t e ,  a 
decrease incpeff requires  e i t h e r  a reduced s t a t i c  or  p i t o t  pressure,  the 
l a t t e r  being more e f fec t ive .  Accordingly, i t  i s  concluded t h a t  the s t a t i c  
pressure,  which was assumed uniform a t  the  wall  value,  and the measured 
p i t o t  pressure mus t  have been s ign i f i can t ly  lower i n  some regions of the 
flow than the values used i n  the analysis .  
described i n  the next sec t ion  give credence t o  t h i s  conclusion. 

Results obtained i n  a test  

Tests  with 4 5 O ,  8-hole In j ec to r .  - Combustor wal l  pressure 
d i s t r ibu t ions  measured with the 45O, 8-hole i n j e c t o r  a re  shown i n  Fig. 15(c). 
The d i s t r i b u t i o n  measured i n  Run 11 with no i n j e c t i o n  and the  corresponding 
computed i d e a l  d i s t r ibu t ions  a re  a l s o  shown. Comparison of runs 11 and 1 2  
with runs 6 and 9 for 90° i n j e c t i o n  i n  Fig. 15(b) shows t h a t  the i n j e c t i o n  
in t e rac t ion  i s  smaller with p a r t i a l l y  downstream in jec t ion ,  and the downstream 
pressure d i s t r i b u t i o n  i s  smoother. A s l i g h t l y  increased pressure l eve l  i n  
run 1 2  due t o  a higher ER i s  a l s o  noted. The one-dimensional estimates of 
qc fo r  runs 6 and 1 2  i n  Table I11 a r e  70% and 68%, respect ively,  suggesting 
t h a t  p a r t i a l l y  downstream in jec t ion  may not a f f e c t  qc appreciably,  but 
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since i n l e t  conditions were somewhat d i f f e r e n t ,  t h i s  cannot ye t  be a firm 
cone l u s  ion. 

The most complete set of measured combustor ex i t  data  obtained 
t o  date was taken i n  run 1 2  and i s  shown i n  Fig. 17 ,  where data  points for  
p i t o t  pressure and s t a t i c  pressure,  deduced from cone- stat ic  probes, a re  
plot ted.  Flow s t r i a t i o n ,  c h a r a c t e r i s t i c  of the 8- discre te  l e  in j ec to r s  
r e s u l t s ,  i s  apparent from the differences i n  p i t o t  pressur 
probes aligned with and between in jec t ion  o r i f i c e s .  Figure 19 shows the 
discolorat ion pa t te rns  (heat s t reaks)  along the combustor wal l  caused by 
the s t r i a t e d  flow. 
(Gas sampling data  obtained i n  t h i s  t e s t  had t o  be discarded a f t e r  it was 
found t h a t  the m i l d  s t e e l  sample bot t les  were causing an appreciable 
decrease i n  sample O2 content pr ior  t o  analys is , )  

obtained from 

Calorimetric data for  run 12 indicated qc = 0.56. 

The concentric streamtube analys is  technique has beer. applied 
t o  run 12,  using an assumed mean p i t o t  pressure d i s t r ibu t ion  (dashed curve 
i n  Fig. 17 between in- l ine  and in te rd ig i t a t ed  data).  An q e f f  d i s t r i b u t i o n  
(Fig, 17) was found which agreed with the ca lor imet r ica l ly  measured qc 
and more c lose ly  s a t i s f i e d  Eqs .  (4) and (5). The mean cp d i s t r i b u t i o n  
necessary for  fue l  mass conservation was deduced by assuming t h a t  a s imi lar ly  
shaped p r o f i l e  held between the mean and " effect ive d i s t r ibu t ions .  
energy equation, Eq. ( lo ) ,  the Gn 

I n  the 
was measured t o  be 190 Btu/sec. 

wal l  
The magnitudes of the various terms i n  Eqs .  (4) 
order as  on 'page 14, were as  follows: 

I, 

2.80 3- 0.048 = 2.78 + 0.027 
a i r  'le f f ec t ive" 

fue l  

646.2 + 5.8 + 48.5 - 23.4 = 711.0 

Although a s l i g h t l y  d i f f e ren t  assumption on the 
bution shown i n  Fig. 17 could be made such t h a t  

and (5), given i n  the same 

( 4 )  
Discrepancy = - 1.4%; 
56% of f u e l  e f fec t ive .  

Discrepancy = + 2.0% (5) 

mean p i t o t  pressure d i s t r i -  
the momentum balance would 

be improved, the above r e s u l t s  a re  considered acceptable. The wall  shearing 
s t r e s s  term (-23.4, deduced by Reyno1d"s analogy) accounts for  only 3.4% 
of the momentum, hence a 25% e r r o r  i n  i t  would change the magnitude of the 
left-hand s ide  of Eq. (5) by l e ss  than 1%. 

The deduced Te, Me, we and 8, pro€i les  for  run 1 2  a re  shown i n  
Fig, 18. With t h e s e . r e s u l t s  and the meastired Pe p r o f i l e ,  i t  i s  possible 
t o  make comparisons of performance with reference cases (e. g . ,  one-dimensional, 
constant pressure combustion (Ref. 22), and t o  predic t  nozzle expansion with 
c e r t a i n  basic assumptions (Ref. 23). 

Obviously, the flow f i e l d  a t  the combustor e x i t  plane i s  f a r  from 
uniform, and it  i s  not surpr i s ing  t h a t  computed for  one-dimensional 
flow are  o f t en  unreasonably high (> 100%). For run 12 ,  a one-dimensional 
nc  of 68% was computed, which i s  21% higher than the 56% measured i n  the 
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calorimeter. It cannot be certain that this same difference exists in 
every test listed in Table I11 (the difference has to be at least 25% in 
run 5 ) ,  however, this result is believed to be indicative of the qualitative 
differences existing between the true qc's and the one-dimensional value. 

Tests with 4 5 O ,  16-Hole Injector. - This injector was designed 
to eliminate the flow striations noted with the 8-hole injectors. The hole 
diameter was reduced to 0.073-in., so that total hole area remained the same. 
Sufficient data are not yet available to determine if this objective was 
accomplished quantitatively, but heat streaking on the wall was noticeably 
reduced. Run 13 was conducted with this injector, and the resulting combustor 
wall pressure distribution is shown in Fig. 16(b). Comparison of Figs. 
16(a) and (b) shows similar pressure profiles for run 12 and run 13 for similar 
fuel conditions. The one-dimensional qc is - 6% lower in run 13, but the 
higher Ti and p.  in run 12 may have been responsible for the increased heat 
release. 
testing is required to assess the effect of number of injection holes on qc. 

No calorimetric data were obtained in run 13, so that further 

CONCLUSIONS 

1. The problem of analyzing results from supersonic combustion 
experiments has been investigated. It is concluded that an adequate des- 
cription of the flow at the combustor exit can be developed if the following 
are known: 

a) A complete description of the inlet air and fuel flows. 

b) The axial distributions of combustor wall static pressure and 
temperature, and the bulk heat flux through the combustor wall 
(needed to estimate shear stress as well as combustion 
e f f ieiency) . 

c) Local pitot pressures, cone-static pressures, and equivalence 
ratio in the combustor exit plane. 

d) Over-all heat release (measured by a steam calorimeter). 

These measurements are used in conjunction with the integral conservation 
equations and state equations to completely define the combustor exit flow 
properties, The instrumentation required to obtain these measurements in the 
severe combustor exit environment has been developed and successfully used. 
It should be stressed that this set of measurements is unique only in the 
sense that it represents the state-of-the-art in instrumentation. The 
technique of flow evaluation recognizes the instrumentation limitation and 
then attempts to obtain the best possible description of the flow. The 
evaluation of local thermodynamic properties and local combustion efficiency 
could be greatly improved if static temperatures and/or gas compositions 
could be accurately measured in situ. -- 
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2. Experiments were conducted in a conical combustor with an 
I . D .  of 2.7 in. , exit/inlet area ratio of 2, and length of 20.5 in. Arc- 
heated air was supplied at conditions simulating flight at Mach numbers near 
8 and altitudes near 113,000 ft. Application of the instrumentation and 
detail flow analysis (concentric-streamtube) technique has revealed the very 
non-uniform nature of the combustor exit flow and has shown that one-dimensional 
flow analysis is inadequate. Any values of nc for scramjet combustors 
based on a one-dimensional analysis should be viewed with reservation; 
although trends, among very similar tests, may be correct, absolute values 
may be in considerable error. Limited calorimetric data obtained in our 
tests indicate that the computed one-dimensional qc's should be reduced by 

and analytical assumptions. 
20%. The streamtube analysis is also useful for assessing experimental data 

3. The results have shown a strong effect of injector geometry 
on the attainment of good supersonic combustion. Annular-slot, low-pressure 
injection produced insignificant heat release, whereas high-pressure, dis- 
crete-hole injection at 45O (downstream) to 90° produced significant combus- 
tion [qc (corrected) ,> The data show improved combustion 
efficiency at a given fuel temperature with increasing cp up to the vicinity 
of stoichiometric proportions (for Ttd - 700°R, qc increased from 49% at 
Cp = 0.5 to 68% at cp = 0 .94 ) ,  and a highiy beneficial effect on combustion 
efficiency of fuel preheating (qc near 100% was obtained at Ttf = 1500°R 
for cp = 0.73). 

49%) in all tests. 

i 
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APPENDIX A: GAS SAMPLING DATA REDUCTION 

Equivalence Ratio Determination 

In analyzing gas sampling data, it is assumed that for typical 
test conditions the following scheme represents stages of the H2-air 
reaction history: 

arc fuel H 2 0  
heating injection react ion coo 1 ing removal 

3 C n n 2  -+ C "hm, 3 C n,m. 3 C ?cm, --+ C nRmR = f nfmf g g  h I  , @j 3 3  k R g 

h-= H 2 ,  02, N 2 ,  A, NO 

i = H2, 02, N z ,  A 

j = H 2 ,  0 2 ,  N z ,  A, H, 0% 0, NO, N 

k = H 2 0 ~  H 2 ,  02 J N 2 ,  A, N o 2  J NZo4 
= H 2 ,  02, N 2 ,  A, NO29 N204. 

where it is noted that the conversion of NO to NO2-N2O4 is nearly complete 
at ambient temperature (Ref. 24). For convenience in defining equivalence 
ratio, cp, the hypothetical condition i is defined as one in which the species 
coexist in their basic molecular states as unreacted fuel and unheated air, 
Analysis of the cooled gases is used to determine C p i  of the combustion products 
from the definition: 

+ 0.578 nA) 
Ti = ["H, 02 nNz 1 / ( 0 . 4 6 3  n + 0.405 

The molal quantities appearing in Eq.  (A-2) are determined from a mass 
balance applied to the reaction scheme (A-1) which results in the following 
equations 
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It is assumed in the definition of? that combustion has occurred 
with dry air* of the following volumetric composition, which is also used in 
calculating equilibrium compositions and thermodynamic properties: 20.950% 02, 
78.088% N2, and 0.962% A. 
the equilibrium state in the sample bottle can be represented as 

Since 2N02 ? Ma04 is a rapid, reversible reaction, 

I a Tg' 'NO2 + N2O4 1 Ea = 
nN2O* '"No2 (A-7) 

where p is the sum of the partial pressures of NOz and N204.  

Equilibrium data, such as those given in Ref. 25 are used to determine 
a as a function of 

NO2 + N204 

With the aforementioned relationships, it is necessary to determine 
the mole fractions (partial pressures) of any three of G, 02, N2 and NO2, 
the fourth being inferred as the remaining mole fraction of bottled gases. 
Water is removed from the sample by magnesium perchlorate before it is bottled. 
Prior to acquisition of a gas chromatograph, analysis was made for H2 with 
a thermal conductivity cell and for 0, and N& with a paramagnetic analyzer. 
With the chromatograph, analysis is made for a, 02 and N2. Depending upon 
which of N2 or NO2 is analyzed, the other can be determined from the equation. 

r 1 

- 5 J R  
= 1 - (xH2 + xo2> 0, (1.006 + 1.012 a)  (A-8) 

where use has been made of the known n ratio. The remaining 

constituents are given by % 
1 A:nNp)i 

and {XA = 0.012[% + 5 (a + $)]I 
2 02 R = a XNo2, 204 

To determine concentrations prior to water removal, the known 
ratio is used. If we consider one mole of bottled gases, then 

the corresponding water content in the sampled gases is given by 

(% 1 = c0.537 5 - 3.463 So (a + *)] 
20 k 2 2 R 

(A-9) 

With [ %20)k known, the initial composition n 

is now determined from Eqs. (A-3) - (A-6). The results can be used to formulate 
the following relationship between cp and the measured quantities: 

per mole of bottled gases, i' 

5 + 1.864 Ifr - 3.727 Xo - 6.455 So (a + *) 
2 2 2 "  2 

% + 50, (a + *) 
c P =  

2 

(A-10)  

* 
dryer consisting of a molecular sieve dessicant, contains - 0.01% water by 
weight. 

The air, which is saturated at 3000 psi before passing through a process 
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The water content of the sampled gases is  determined by weight 
analysis  and used a s  a check on the accuracy of the foregoing analysis .  
temperature and pressure of the bot t led  gases i s  measured and the volume 
of the b o t t l e  i s  known, so t h a t  the t o t a l  number of moles of bot t led  gases 
i s  pbVb/RTb, and the corresponding weight of water i s  

The 

(A- 11) 

where ( %20]k i s  given by Eq. (A- 9) .  This weight of water i s  compared with 

t h a t  determined from the actual. weight analysis.  Assuming the  water weight 
ana lys is  t o  be accurate,  any difference between the measured and computed 
water contents can be t raced t o  one or  both of two possible causes: (1) 
m a s s  d i f fus ion  i n  the combustor flow f i e l d  caused by concentration gradients  
r e s u l t i n  from the chemical reac t ion ,  so  tha t  l oca l  values of the r a t i o  

InOg :%2 r i’ 
(2) mass d i f fus ion  (e.g., H2 separation) due t o  flow disturbances created 
by the sampling probe, pa r t i cu la r ly  i f  the probe does not swallow the shock. 
A mass balance over the combustor e x i t  plane determines*which of the two 
mechanisms occur. I f  only the f i r s t  mechanism occurs, a mass balance of the 
hydrogen i s  possible;  i f  the second mechanism occurs,  a mass balance i s  not 
possible. 

i n  pa r t i cu la r ,  may be d i f f e ren t  from t h a t  ex is t ing  i n  pure a i r ;  

Combustion Eff iciencv Determination 

I n  order t o  determine combustion ef f ic iency  from gas sampling data ,  
i t  i s  necessary tha t  the sampling probe e f f i c i e n t l y  quench chemical r e -  
act ions a t  the sampling point. Since t h i s  has not been proven t o  occur with 
our probes, a more accurate means of determining combustion ef f ic iency ,  
i . e . ,  steam calorimetry (see next sec t ion) ,  i s  used. However, the sampling 
data  i s  analyzed t o  determine i t s  usefulness fo r  t h i s  purpose. 

Among the r e s u l t s  of the combustor e x i t  flow analysis  described 
i n  the t e x t  were the loca l  Teff ,  Te, and pe and the corresponding equilibrium 
composition. With t h i s  information, a r e a l i s t i c  loca l  composition a t  the 
combustor e x i t  or sampling probe i n l e t  i s  determined a s  being the equilibrium 
composition corresponding t o  cpoff p l u s  unburned fue l  i n  an amount determined 
by the difference between cpeff and the a c t u a l y .  Assuming t h a t  no fu r the r  
chemical reac t ion  occurs, except as  required by the  quenching process, and 
postulat ing recombination paths of the ac t ive  species  (0, N, H,  OH and NO), 
the corresponding composition of the quenched sample i s  calculated.  The 
ac t ive  specie recombination paths used are a s  follows: I f  nH > noH) j, 

L. 

I 

j =  OH, H, 0 ,  N ,  NO (A- 12) 
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j = OH, H, 0, N, NO (A- 13) 

It i s  assumed i n  deriving Eqs. (A-12) and (A-13) t h a t  the maximum amount 
of water i s  formed from OH, H and 0. I f  the  coe f f i c i en t  of 0 2  i n  the equations 
i s  negative,  then no O2 i s  formed and the amount of 0, ex i s t ing  a t  condition 
( j )  mus t  be reduced by the magnitude of the coe f f i c i en t s .  

The composition calculated by the above ana lys is  i s  compared with 
the ac tua l  composition determined from sampling, whereby the quenching 
ef f ic iency  of the sampling probe i s  assessed. It i s  important t o  note tha t  
even i f  the probe completely quenched the sample i t  i s  s t i l l  necessary t o  
perform the above analysis  i n  order t o  compute combustion ef f ic iency ,  s ince 
the s t a t e  of the-quenched gases depends heavily upon the  s t a t e  of the hot 
combustion products. It i s  not s u f f i c i e n t  t o  use only the amount of f u e l  
i n  the quenched gases a s  a measure of combustion eff ic iency.  
t i on  of t h i s  point ,  we note t h a t  i f  the equilibrium composition ( i .e . ,  100% 
combustion ef f ic iency)  corresponding t o  Cp = 1.0 and 1 atm (Ref. 17)  is  
quenched v i a  the proposed paths from 5500°R t o  room temperature, 7.8% H2 
w i l l  be present which implies 92.2% combustion ef f ic iency  based on unburned 
fuel.  This difference i s  s ign i f i can t .  

A s  an i l l u s t r a -  
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APPENDIX B: CAWRIMETER DATA REDUCTION 

Defini t ion of Experimental H e a t  Release Rate and Combustion Eff iciency 

To simplify the discussion, i t  i s  assumed t h a t  average values 
of the combustor e x i t  flow propert ies  can be defined; general izat ion t o  
the case where gradients  e x i s t  i s  s t raightforward,  but much more complicated. 
Application of the energy conservation l a w  t o  the combustor flow (Fig. B-1) 
r e s u l t s  i n  the following equation: 

where h 
temperature T, AH i s  the hea t  of formation a t  an a r b i t r a r y  reference,  To, 

h + V2 = (H + AH) + V2, where h i s  the s t a t i c  enthalpy a t  

The subscr ip ts  a ,  f ,  and cp r e f e r  t o  a i r ,  fue l ,  and 

TO 

combustion products. I f  we define sens ib le  enthalpy a s  AH 
Eq. (B-1) can be wr i t t en  a s  

H + Q V2, then 

- Gf(Ahfi2 + GC 
The left-hand s ide  of Eq. (B-2) is  i d e n t i f i e d  as the heat re lease  r a t e ,  eRY 
i.e. , 

=(6 a + G f )(Ah cp 1 3 - Gal Ahall - Gfjdhf)2  + 6, ( 3 - 4 )  

(Note tha t  t h i s  de f in i t ion  of OR d i f f e r s  from a commonly used  de f in i t ion  
which requi res  the reac tants  and combustion products t o  be a t  ambient 
conditions.) 

Combustion ef f ic iency  can be defined i n  e i t h e r  of two ways: 
(1) the i d e a l  f u e l  flow r a t e ,  Gfyideal, required t o  produce the experimental 

6R can be divided by the experimental f u e l  flow r a t e ,  6,; or  (2) the experi-  
mental OR can be divided by the maximum OR which could be idea l ly  obtained 
with the experimental 9,. Since OR i s  not a l i nea r  function of G f ,  these 
two d e f i n i t i o n s -d i f f e r .  The f i r s t  de f in i t ion  i s  used i n  the work reported 
herein because of i t s  usefulness i n  engine performance calculat ions.  
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To determine 
should determine the gas 
However, sampling of the 
a l t e r n a t i v e ,  a s  shown by 

. 
the experimental QR, Eq, (B-3) indica tes  t h a t  one 
composition a t  various s t a t i o n s  i n  the combustor. 
hot combustion products is a d i f f i c u l t  task. An 
Eq. (B-4), would be t o  measure the sensible  heats  of 

the reac tants  and products. 
absence of composition measurements i f  a frozen t o t a l  temperature could be 
measured, f o r  then the composition could be determined by an i t e r a t i v e  process 
such t h a t  Eqs .  (B-3) and (B-4) produced the same value of 4 ~ .  This approach 
i s  fu r the r  s impl i f ied  by the f a c t  t h a t  a t  temperature l eve l s  of i n t e r e s t  
the sensible  heat  i s  r a the r  in sens i t ive  t.o composition, because the majori ty  
of the species present have nearly the same spec i f i c  heats.  
t h i s  approach i s  d i f f i c u l t  due t o  the lack of techniques f o r  measuring high 
temperatures, The steam calorimeter o f f e r s  a wag out  of t h i s  s i tua t ion .  

I n  theory, t h i s  could be accomplished i n  the 

Nevertheless, 

Steam Calorimeter 

An energy balance of the calorimeter flow (Fig. B-1) r e s u l t s  
i n  the following equation: 

03-51 

I f  sensible  hea ts  and heats  of formation a re  introduced i n t o  Eq. (B-5) ,  
and the r e s u l t  then introduced i n t o  Eq. (B-4), the following equation r e su l t s :  

03-61 
where Qq E Gw[(htw)5 - 1 ht 1 14], and & 6 + 6 The temperature 

C? a f '  
W 

l eve l  a t  the calorimeter e x i t  is  r e l a t i v e l y  low and the ve loc i ty  i s  
so  tha t  gas sampling and temperatures can be measured accurately and 

and [AHcp15 can be evaluated. Since the calorimeter quenches the chemical 

reac t ion  a t  the combustor e x i t ,  the term (AH ] -1 
zero were i t  not f o r  the f a c t  t ha t  f r e e  r ad ica l s  ex i s t ing  a t  s t a t i o n  (3 )  
recombine i n  the quenching process; the r e s u l t  i s  t h a t  t h i s  term i s  s ign i f i can t ,  
Hence, the need t o  know the Composition of the  hot combustion products appar- 
en t ly  remains. 
used fo r  data  ana lys is  w i l l  now be described. 

] , would be i d e n t i c a l l y  
CP 5 3 

An a l t e rna t ive  approach which avoids any sampling and which i s  

Inasmuch a s  the ca lcu la t ion  of combustion ef f ic iency  requires  
t h a t  the GfYideal which would produce the experimental heat re lease  be known, 

i t  i s  reasonable t o  make use of the composition r e su l t ing  from t h i s  i d e a l  
ca lcu la t ion  i n  computing OR. 
r e l a t i v e l y  insens i t ive  t o  the composit'on u s  d i n  i t s  ca lcula t ion ,  so  tha t  
a reasonably accurate determination of I(AHcJ5 -lAHcp)3] w i l l  r e s u l t  i n  an 

acceptable value fo r  QR. Hence the composition used f o r  evaluating QR i s  
taken a t  s t a t i o n  (3) as the equilibrium composition corresponding t o  " 

A s  was previously noted, the sensible  heat  i s  

plus unburned fue l  i n  the amount The composition a t  s t a t i o n  
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(5) i s  t h a t  which r e s u l t s  from quenching the composition a t  (3) with no 
change i n  concentrations of the s t a b l e  species  except a s  required by the 
quenching process, where i t  i s  assumed t h a t  the r ad ica l  recombination paths 
a r e  as  given i n  Eqs. (A- 12) and (A-13). The problem now reduces t o  one of 
determining if , ideal and the composition a t  s t a t i o n  (3) .  

Calculat ion of i,, i d e a l  

The problem of determining ffYideal and the corresponding e q u i l i -  

bruim composition i s  primarily one of defining the idea l  s t a t i c  temperature 
and pressure a t  the combustor e x i t ;  the e f f e c t  of the flow veloc i ty  on these 
conditions is  s ign i f i can t  and must be taken i n t o  consideration. The mass, 
momentum and energy conservation laws a r e  applied t o  t h i s  problem under the 
following conditions: (1) the e x i t  flow i s  uniform (one-dimensional); and 
(2) the experimental combustor heat  loss  and wall  pressure force,  and the 
deduced wall  f r i c t i o n a l  force a re  employed. Under these conditions (and 
with known input  condi t ions) ,  a l l  of the combustor e x i t  propert ies  corres-  
ponding t o  a given ffYideal can be calculated using equilibrium thermodynamic 

data. The co r rec t  GfYideal i s  tha t  value which allows simultaneous s a t i s -  

fac t ion  of Eqs. (B-3) and (B-6), and i s  found by an i t e r a t i v e  procedure. 

The e f f e c t s  of pressure,  temperature (and ve loc i ty)  and quenching 
path on calculated hea t  re lease  r a t e  i s  shown i n  the following example. 
Instead of ca lcu la t ing  heat re lease  r a t e ,  an equivalent approach i n  a r r iv ing  
a t  combustion ef f ic iency  i s  t o  determine the amount of fue l  which, when 
burned t o  completion and quenched t o  the temperature a t  s t a t i o n  (5), would 
give the measured (6 
we obtain 

+ 4, + 0 >. I f  Eqs. (B-1) and (B-5) a re  combined, 4 K 

For given a i r  and f u e l  input conditions and a given temperature a t  s t a t i o n  ( S ) ,  
QH w i l l  depend only on the composition a t  (5) which, i n  turn,  depends on the 
composition a t  (3)  and the quenching pa th .  I n  Fig. B- 2,  w e  show the v a r i a t i o n  
i n  the term QH when the equilibrium combustion products corresponding t o  CD = 1.0 
a t  0.5, 1.0 and 2.0 atm (Ref. 17)  a r e  quenched v i a  the paths of Eqs. (A-12) 
and (A-13) from various ve loc i ty  (or temperature, which i s  a l s o  plot ted)  levels .  
For the example shown, i t  i s  assumed t h a t  

f = 1942 Btu/lb,  
f 6 
- 0 Ihta)i + 

a 

CP CP CP 
I h t f ] 2  'Iht 16 
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T5 = 1440°R and the k i n e t i c  energy a t  s t a t i o n  (5) i s  negl igible .  
noted i n  Fig. B-2 t h a t  the value of % corresponding t o  equilibrium cooling of 
the combustion products (which would be computed using the f u e l ' s  higher heating 
value with a cor rec t ion  t o  account fo r  the products being a t  1440°R ra the r  
than room temperature) i s  2945 Btu/lb. A s  shown i n  Fig. B-2, pressure has 
only a minor e f f e c t  (1% a t  7000 f p s )  on QH. However, QH increases  by 6.5% 
as  the ve loc i ty  increases  from 0 t o  7000 fps  a t  1 atm, This ve loc i ty  
increase corresponds t o  a temperature decrease of 5700°R t o  51350R. 
more s ign i f i can t  i s  the difference between the QH calculated by assuming 
quenching and tha t  calculated assuming equilibrium cooling (9.2% a t  7000 
fps ,  increasing as the ve loc i ty  i s  decreased). These r e s u l t s  ind ica te  tha t  
reasonably good estimates of temperature and quenching mechanism a r e  impor- 
t a n t  i n  defining combustion e f f i c i ency  by calorimetry. 

It i s  a lso  

Even 

Determination of A i r  I n l e t  Enthalpy 

It has been assumed i n  the previous discussion t h a t  the a i r  and 
f u e l  i n l e t  condi-tions a r e  known. The highest  temperature l eve l  a t  which 

The t o t a l  temperature of the a i r ,  however, i s  i n  the range (50000-5500°R) 
where direct  measurement i s  d i f f i c u l t .  The calorimeter o f fe r s  one means 
of conveniently determining the a i r  t o t a l  enthalpy. Application of the 
energy conservation law t o  the combustor-calorimeter combination i n  the 
absence of f u e l  i n j ec t ion  r e s u l t s  i n  the following equation: 

i s  used  i n  t e s t s  i s  2300'R; hence, temperature measurements a re  possible. 

The a i r  s t a t i c  temperature a t  the combustor i n l e t  fo r  the t e s t s  reported 
herein i s  i n  the range of pressure l eve l  of - 1 atm. I f  
the a i r  were i n  equilibrium, would be zero s ince only 02, 

Na and A,  a l l  of which have zero heats  of formation, would e x i s t  (Ref. 17) 
(ac tua l ly ,  a negl ig ib le  amount of NO would be present).  Since a s ign i f i can t  

i n l e t ,  these terms become 

where (yNo) and [YNo,) were found 

t o  be 0.032 and 0.046, respect ively.  Calculation of Ah from the known 

composition (assumed the  same as  a t  s t a t i o n  (1)) and the measured temperature 

now permits h t a ) l  =O, +('Ha) 1 

( 1 
t o  be determined. 
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APPENDIX C: COJXE STATIC: PRESSURE: DATA REDCCTION 

The determination of f r e e  stream s t a t i c  pressure from cone 
surface pressure measurements can be based on exact conical  flow propert ies  
such as those presented i n  Ref. 26. For computational convenience, the 
ana ly t i c  approximation of the exact r e s u l t s  which is presented i n  Ref. 27 
i s  used i n  t h i s  program. 
unyawed cones, they can be used  where s m a l l  yaw atigles occur provided the 
average cone surface pressure i s  measured (Ref.  28). 

Even though these r e s u l t s  s t r i c t l y  apply only t o  

The approximation presented in Ref. 27 i s  

p, - Po0 
C Z  = 4: (f2 + f l  sin2 6 - {(E2 - fl sin2 612 - [ ( f 3  - f l )  sin2 612-j*) 

P &o 
M," - 1 (C - 1) 

. 6 .  
4 

Application of Eq. (C-1) requires  t h a t  the l o c a l  Mach number and spec i f i c  
heat  r a t i o  be known. A s  i s  shown i n  Ref. 27, the pressure coe f f i c i en t ,  C 
i s  only weakly dependent. upon y ,  so t h a t  a value of 1.4 i s  used i n  pre- 
liminary calculat ions.  The measured combustor e x i t  wal l  s t a t i c  pressure 
i s  used together with the measured local p i t o t  pressure,  pt ' ,  t o  estimate 
M, (via  the Rayleigh p i t o t  formula), which i s  then used  t o  ca lcu la te  pao 
from Eq. (C-I.). The process i s  repeated usirig pa and ptQ t o  obtain a 
new M, until .  s a t i s f ac to ry  convergence i s  obtained. 
obtained i n  t h i s  manner i s  used i n  the analysis  described i n  the  t ex t  
which u t i l i z e s  r e a l  gas propert ies ,  s o  t h a t  a f i n a l  recomputation of p, 
i s  made t o  cor rec t  for  r e a l  gas e f fec t s .  

P9 

The value of pa 
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Fig. 1 SUPERSONIC COMBUSTOR ANALYTICAL MODEL 
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PRESSURE ON DEDUCED COMBUSTOR EXIT PARAMETERS 
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(A)  GAS SAMPLE COLLECTION EQUIPMENT USED IN COMBUSTION TESTS 
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Fig. 9 GAS SAMPLE COLLECTION EQUIPMENT USED IN 
COMBUSTION AND MIXING TESTS 
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WALL PRESSURE DISTRIBUTION (RUN 2) 

40 



3060 

a! 
0, 2916 
W 
K 
3 
l- 

K 
W 
L 
I 

a 

E 2844 

2772 

2700 

EQU IVAL EN CI 

15 

ZATIO = 1.0 

20 
TIME (psec) 

25 30 

Fig. 14 EFFECT OF NITRIC OXIDE REACTIONS ON HYDROGEN-AIR 
CHEMICAL KINETICS 

41 



0 

0.07 
m * 

0.06 

0.05 NO H2 INJECTION 

0.04 
0 

0.03 

0.02 

-2 B - 0.01 e 

W b  

c 
4 
I 

I 

DISTANCE FROM INJECTION PLANE (inches) 

Fig. 15 EFFECTS OF EQUIVALENCE RATIO AND FUEL TEMPERATURE ON COMBUSTOR 
WALL PRESSURE DISTRIBUTION FOR 90°, 8-HOLE tNJECTOR 

42 



0 
I- 
4 
K 

- 

A 
0.04 

W 
K 
3 
v) 
v) 
W 

LEGEND RUNNO. @ T,(H2), (OR) INJECTION ANGLE 

0 9 0.50 640 90" 

0 
0 1 1  NO H2 INJECTION 

12 0.59 500 45O 
1 1  0.52 539 45O 

A 

~ 

K 
P 

I - - - COMPUTED, H2 INJECTION, NO MIXING, ISENTROPIC EXPANSION I I 

(B) EFFECT OF NUMBER OF HOLES IN 45O INJECTORS 

0 2 4 6 a 10 12 14 16 i a  20 22 

DISTANCE FROM INJECTION PLANE (inches) 

Fig. 16 EFFECTS OF FUEL INJECTION ANGLE AND NUMBER OF HOLES 
ON COMBUSTOR WALL PRESSURE DISTRIBUTION 

43 



44 

LEGEND 
P, IN LINE WITH FUEL ORIFICE 

0 (Pt’), IN LINE WITH FUEL ORIFICE 
(Pt’), BETWEEN FUEL ORIFICES 

0 

0.4 

h 
ta u 
A2 
U .- - 0.8 
1 
n 

I- 

v) 

3 
% 
W 
K 
0 1.2 

rn 
5 
3 

I 
0 
U 

1.6 

2.0 
0 2 4 6 8 10 

STATIC PRESSURE (psia), PITOT PRESSURE x 1o-I (psia),  
EQUIVALENCE RATIO x 10 

Fig. 17 EXPERIMENTAL AND ANALYTICAL PRESSURES AND EQUIVALENCE 
RATIO DISTRIBUTIONS (RUN 12) 



C 

0.4 

A m 
s 
0 
C 

a 

.- 
Y 

3 0.8 
n a 

e 

- 
K 

x 
W 

K 
0 

3 

I 
0 
W 

5 1.2 

m 

1.6 

2.0 I I 
0 4 8 12 16 

STATIC TEMPERATURE, T (OR x 10-3); VELOCITY, v (FTISEC x 
WEIGHT FLUX, ;(LB/SEC-FT~ x io-’); MACH NUMBER, M; 

MOMENTUM FLUX, e (LB/FT* 10-3) 

Fig. 18 DEDUCED FLOW PROPERTY PROFILES 
IN COMBUSTOR EXIT PLANE (RUN 12) 

45 



46 

Fig. 19 DISCOLORATION PATTERNS ON COMBUSTOR WALL 
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